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SPECIFIC CARDIAC AND/OR VASCULAR outcomes have been associated with pulmonary air pollution particulate matter (PM) exposures for more than two decades (104) . Over the years, the definition of PM has evolved to identify specific size fractions: particles with a diameter Ͻ10 m ("coarse" or PM 10 ), particles with a diameter Ͻ2.5 m ("fine" or PM 2.5 ), and particles with a diameter Ͻ100 nm ("ultrafine" or PM 0.1 ). This stratification illustrates the conventional wisdom that particle size is a significant determinant of not only respiratory tract deposition but also subsequent toxicity (4, 6, 103) . During the later portion of this period, the nanotechnology field exploded and mandated a novel definition: anthropogenic particles with at least one dimension Ͻ100 nm ("nanoparticle"). Because PM and nanoparticles share some commonality in size (100 nm) and exposure route (lung), they may be considered "xenobiotic particles," or particles that are foreign to the body and provoke untoward biologic responses. Whereas mass and anatomical location of pulmonary deposition is important to consider, the higher net surface area per mass concentration found in nanotechnologies or dose metric mass has emphasized the need of nanotoxicology. Xenobiotics have been studied increasingly over these decades to produce an extraordinary scope and depth of research models that incorporate in silico, in vitro, and in vivo approaches with cells, animals, and humans alike.
The scientific method encourages multiple hypotheses to investigate unknown phenomenon. Indeed, this approach has led to the rapid advancement of xenobiotic particle exposure and cardiovascular outcome-based research. It is possible that this rapidity is due to the sustained dominance of only three hypotheses ( Fig. 1 ) in the collective field (17) .
1. Inflammation. Inhaled xenobiotic particles induce an extrapulmonary response via inflammatory mechanisms that originate in the lung and "spill over" to the systemic circulation. This hypothesis has also been referred to as the "pulmonary shrapnel" hypothesis (Dr. Matthew J. Campen, University of New Mexico, personal communication).
2. Particle-tissue interaction. Inhaled xenobiotic particles induce an extrapulmonary response by migrating from the lung and interacting directly with a systemic tissue.
3. Neural activation. Inhaled xenobiotic particles induce an extrapulmonary response by interaction with the central nervous system (CNS) and/or stimulating an autonomic arc between the lung and systemic tissue.
Among these three, hypothesis 1 is, by far, the most widely reported in the literature, followed by hypothesis 2. Hypothesis 3 is the least commonly explored hypothesis in the field and in many research designs, is seldom considered or even mentioned. A recent search of the U.S. National Library of Medicine database (PubMed) provides evidence to support this position. Searching for "particulate matter" or "nanoparticle" combined with "inflammatory" or "neural" produced disparate results. Inflammatory registered 3,117 hits; whereas neural produced only 535. Synonyms, such as "autonomic," produced similar but lesser results. Teleologically, this disparity implies that inflammation is the most important or required host response after pulmonary xenobiotic particle exposure. However, several lines of evidence refute this notion. First, many particles deposited in the lung are unable to exit the lung for a variety of reasons [e.g., size, solubility, clearance (120) ]. Those particles that may exit the lung do not implicitly do so en masse (119) . Given the ability for the mammalian physiology to tolerate far worse toxicants at higher concentrations [e.g., cigarette smoke, ozone, polycyclic aromatic hydrocarbons (PAHs), etc.], the likelihood that such a small number of transient particles would be solely responsible for all cardiovascular outcomes is remote. Second, the time course between pulmonary exposure and cardiovascular effect is typically acute (minutes to hours). The development of a robust host response or migration of particles from the lung does not occur within this time frame. Whereas neurological involvement is not only acutely invoked by xenobiotic exposures, it may ultimately expedite afferent signaling (43) .
Because inflammation and/or direct particle-tissue interactions cannot entirely account for the cardiovascular responses that follow pulmonary particle exposures, the case for autonomic involvement should be apparent, especially in the early time periods following xenobiotic exposure (74) . Indeed, strong evidence exists that elegantly reveals such autonomic responses in experimental animals (25, 52, 125) and humans (16, 85, 123) alike. With the consideration of the existence of such evidence, it is easy to conclude deductively that autonomic involvement may elucidate the unaccounted biological responses reported in controlled air pollution studies (74) (Fig.  2) . Seminal research has identified the capacity of inhaled particles to gain access to the olfactory bulb (97, 99) . The natural progression of this observation is that inhaled xenobiotics may interact with and/or alter CNS function. Indeed, the CNS, as a target tissue, has been well studied, and federally supported panels/workshops have been organized to understand this effect better (13) . As these efforts matured, it became apparent that the cause-effect relationship did not end at the level of the CNS. Unfortunately and despite its importance in regulating and/or mediating most every physiological process, the link between the CNS and cardiovascular dysfunction after xenobiotic inhalation is not as well developed compared with other research branches investigated in this field.
As with all biological systems, autonomic arcs and influences are far from simple, and they may even interact with other mechanisms (Fig. 1) . Additionally, it should be fully appreciated that xenobiotic particle exposures are not limited to the lung. Likewise, extrapulmonary effects are not limited to cardiovascular outcomes, and certainly, mechanistic interactions or redundancies exist. Because of the enormity of potential systemic responses, both independent and dependent, the framework of this review needs to be defined. Therefore, the purpose of this review is to provide a brief history and overview on the autonomic arcs and mechanisms that may be in play after pulmonary xenobiotic particle exposure in cardiovascular tissue. A secondary purpose is to identify how this understudied area can be enhanced to address unique problems, future risks, and hurdles associated with xenobiotic exposures. At this time and in our opinion, the area of greatest need of study/development is how an inhaled particle either stimulates an afferent pathway in the lung and/or alters CNS function characterized by efferent pathways that terminate in cardiovascular tissue.
NEURAL COMPONENTS
Although the short-and long-term consequences of xenobiotic exposure to the nervous system as a whole are important topics to be vetted, potential CNS and peripheral nervous system components postulated to be involved in the direct uptake of and acute dysfunction caused by inhaled PM, in general, have been the subject of a relatively narrow focus. These include the olfactory and trigeminal neuronal pathways (Fig. 3A) and receptor afferents (such as vagal C-fibers; Fig.  3B ), both of which could impact the normal function of the autonomic nervous system (ANS). Credence can also be lent to indirect mechanisms of central dysfunction, which involve translocation of xenobiotics from pulmonary or extrapulmonary tissues to the brain via systemic circulation.
Fundamentals of the ANS. Briefly, the ANS is divided into two divisions: sympathetic and parasympathetic. The structures of both the sympathetic and parasympathetic pathways include preganglionic motor neurons stretching from their CNS origin at the brain stem or spinal cord to a nerve ganglion in the periphery. Here, these neurons form synaptic connections with postganglionic motor neurons (Fig. 3B ). These fibers, in turn, innervate target tissues. Anatomically, the two divisions are noted to have separate origins yet reciprocal innervation on many tissues, including those of the cardiovascular system. The effects that are elicited are dependent on two major factors. First, sympathetic postganglionic fibers secrete the catecholamine norepinephrine (NE), whereas parasympathetic fibers secrete ACh (Fig. 3C) . Second, NE and ACh rely on various adrenergic and cholinergic receptor populations, respectively, located at the tissues, which dependent on the subtype, can have stimulatory or inhibitory tissue effects (Fig.  3D) . The general functions of these divisions are well-established canons in physiology, with the sympathetic division driving "fight-or-flight" responses that are dominant during body stress states and the parasympathetic division associated with restful states. Generally, sympathetic effects are driven by the increased release of NE. In addition, direct sympathetic stimulation of the adrenal gland results in a concomitant release of the analog catecholamine epinephrine. Actions by these catecholamines at the heart result in increased heart rate, conduction velocity, myocyte relaxation rate, and contractility. Cardiac stimulation of adrenergic receptors induces the activation of GTP-binding proteins that stimulate the production of cAMP by adenylyl cyclase, thus resulting in the activation of PKA. This kinase phosphorylates several proteins, including phospholamban, L-type calcium channels, ryanodine receptors, troponin I, and myosin-binding protein C (12) . This cascade increases intracellular and sarcoplasmic reticulum levels of Ca 2ϩ and plays an important role in excitation-contraction coupling. Throughout the vasculature, they promote generalized vasoconstriction, resulting in elevated total peripheral resistance (sans specific receptor populations of the skeletal and cardiac muscle tissues where vasodilation is the dominating effect). The overall response leads to an increase in blood pressure. Conversely, at rest, parasympathetic tone outweighs sympathetic. The elevated release of acetylcholine results in reduced heart rate at the heart and vasodilation in the periphery. These effects occur in response to stimulation of muscarinic receptors following release of ACh, which is involved in the regulation of G-protein-coupled, inward-rectifying K ϩ channels expressed in atrial, sinoatrial, and atrioventricular node cells. ACh also inhibits cAMP-dependent ion channel responses by directly inhibiting adenylyl cyclase or by stimulating phosphodiesterase 2 via production of the vasodilator nitric oxide and cGMP (51) . Together with reduced sympathetic tone/NE release, the overall cardiovascular effects include reduced blood pressure and total peripheral resistance. The divisions of the ANS tend to act synergistically to control cardiovascular mechanisms required to maintain homeostasis. The presence of receptor afferents innervating the aorta and carotid arteries and the respiratory tract provides important input to the cardiopulmonary control centers found in the brain stem. These receptors are sensitive to nociceptive, mechanical, chemical, and biological stimuli and play a crucial role in cardiovascular function via sympathetic-and vagalfeedback mechanisms. The nociceptive-reactive C-fibers induce protective mechanisms, such as bronchial vasodilation, to increase airway blood flow, bradycardia, and reduced contractility (118) . Exposure to inhaled PM has been shown to result in dysfunction of these feedback mechanisms. Both direct, inhaled PM exposure and oxidative stress and inflammation (due to PM exposure) in lung tissues cause autonomic dysfunction that is secondary to stimulation of the pulmonary nerve receptors. Compounding this issue are the findings that autonomic dysregulation can itself cause cardiac oxidative stress (31) .
Fortunately, systemic control of vital functions does not occur in a vacuum, and compensatory mechanisms ebb and flow over time; however, these safeguards make the identification of physiological perturbations much more difficult to identify. Above, we have described the influence of sympathetic innervation unilaterally from the lung to the cardiovascular system. It is important to keep in mind sympathetic innervation of the lung. Elevated sympathetic activity may lead to bronchiolar dilation and an increased respiratory rate, increasing xenobiotic exposure, thus exacerbating the cycle.
XENOBIOTIC PARTICLES
Exposure models. Historically, the respiratory tract is deemed to be the major entry site for PM. This has been attributed to environmental airborne pollution exposures and occupational nanoparticulate exposures. These particles encompass a range of sizes as described above, which result in unique depositions throughout the pulmonary system, each with a differing physiological effect (113) . Larger course particles have been found to deposit within the nasal and tracheobronchial passages, whereas fine matter deposits throughout the lung. Lastly, ultrafine and nanosized particles deposit preferentially within the alveolar regions. This is of specific relevance to variations in pulmonary receptor populations, neurological input, alveolar gas exchange, and particle translocation. Within the airways, the three major types of receptors are distributed differentially and respond to diverse stimuli: C-nerve fibers, rapidly adapting pulmonary receptors (RARs), and slowly adapting pulmonary receptors (SARs). C-Nerve fibers are present throughout the respiratory tract and initiate chemoreflexes, resulting in cough, bronchoconstriction, and dyspnea in response to chemical irritants (122) . Similarly, RARs are located within the larynx, trachea, and bronchi and respond to both mechanical and chemical irritation. Lastly, the lower airways are the only region containing the stretch receptors referred to as SARs, which are characterized by a lower sensitivity to environmental agents than C-fibers and RARs, but nonetheless, they play an important role in controlling respiratory sinus arrhythmia, as well as triggering the cough reflex (64) . Given this differential distribution of nerve fibers, as well as particle deposition, it is attractive to speculate that these segmental differences may account for observed differential cardiovascular responses to inhaled xenobiotics.
Whereas there is little doubt that xenoparticles reach all regions of the airway and that exposure results in deleterious effects on the cardiovascular system, there is little data to explain how inhaled particulates influence autonomic nerve activity in this regard. Evidence leads us to conclude that xenoparticles initiate inflammatory responses throughout the respiratory tract, and these processes can affect epithelial and nervous tissues. Indeed, the inflammatory processes occurring in response to ultrafine particles are accompanied by stimulation of mast cells as well as C-fibers (93) . Stimulation of these vagal afferents could be linked to autonomic dysfunction. Exposure to concentrated ambient air particulates or single wall carbon nanotubes can induce changes in baroreceptor reflex sensitivity (10) and control (76) . Of course, to affect a change requires an anatomical route linking these C-fibers to cardiovascular control mechanisms. A major candidate pathway includes the jugular and nodose ganglia, which receive input from the pulmonary C-fiber populations and project to the cardiovascular control center in the medulla oblongata (48, 55, 112) , including the solitary nucleus (Sol) and paratrigeminal nucleus (Pa5) (8, 86, 110, 126) (Fig. 3B) . Recently, it was shown that inhalation of ultrafine titanium dioxide and associated elevation in synthesis of the neurotransmitter substance P (SP) in the nodose can alter heart rate and blood pressure responses to adrenergic stimulation (62) . However, due to the lack of supporting evidence, the extent of central control over this response requires further analysis. Vagal afferents from the nodose innervate and synapse with SP-immunoreactive structures in the nucleus of the tractus solitarius (66) , which is also known to receive input from carotid baro-and chemoreceptors (88) and plays a role in cardiovascular reflexes. Interestingly, a spatial relationship between SP-positive paracellular arborizations and nodose cell soma has also been reported (65, 66) . Furthermore, intratracheally instilled microspheres in the 20-to 200-nm range can be taken up and translocated to the nodose and jugular ganglia (60) . Potentially, pulmonary C-fibers could form synaptic junctions with baroreceptor traffic and modulate cardiovascular reflexes. Further tract-tracing studies, electron microscopic analyzation, and inhalation experimentation are required to support this, along with differentiating the roles of the jugular and nodose ganglia. Finally, the impact of intratracheal xenobiotic-caused dysfunction on Sol and Pa5 control of cardiovascular homeostasis is of particular importance. In their elegant study using anterograde trans-synaptic viral tracing, McGovern et al. (86) show polysynaptic pathways leading from these medullary areas to various brain stem, thalamic, and hypothalamic areas associated with autonomic (Sol) and somatosensory (Pa5) control (28 -30, 34 -37, 117, 130, 131) . Therefore, dysfunction caused by xenobiotic particle uptake or perturbation of C-fiber signaling of these major regulatory centers could have potentially severe cardiovascular consequences.
In some exposure models (intratracheal), the intranasal cavity is bypassed, eliminating the possibility of olfactory involvement. However, there is clear evidence that a direct route of entry into the CNS can occur from this location (Fig. 3A) . Translocation to the CNS via neuronal retrograde transport along the olfactory nerve was described as early as the 1940s for 30 nm poliovirus applied intranasally into primates (58) . More recently, ultrafine and nano-sized particles have also been shown to translocate via the olfactory bulb following inhalation (63, 97) . Significant concentrations of manganese oxide, titanium dioxide, and iron oxide have been detected in the striatum, frontal cortex, thalamus, hippocampus, cerebellum, and brain stem, thus showing that the trans-synaptic transport via the olfactory neuronal pathway is an efficient route for material translocation of inhaled ultrafine particles into the CNS (42) . Separately, uptake and translocation of manganese are also demonstrated by the trigeminal nerve (77), which includes afferents innervating nasal mucosa; however, further analysis of this pathway's importance is required. In addition, it has been estimated that 20% of ultrafine PM deposited in the olfactory mucosa translocates to the olfactory bulb (97) , whereas reports of 20 -50% of pulmonary deposition remain after clearance (41, 73, 94, 101) . Similarly, PM may use a paracellular route via the ethmoid bone and into the cerebrospinal fluid (61) . Therefore, xenobiotic particles may travel via retrograde transport to major regulatory sites within the CNS without the need to cross the blood brain barrier (BBB). Autonomic dysregulation of cardiovascular control due to this nose-to-brain route of translocation is a possible outcome, but as mentioned earlier, further studies are necessary to corroborate this hypothesis.
Yet another pathway of CNS infiltration by xenobiotics is that of translocation via the blood circulation. Size is important, as subcutaneous injection of silver nanoparticles, but not microparticles, results in translocation to blood, kidney, liver, spleen, brain, and lung (117) . Generally, smaller inhaled nanoparticles were able to translocate and accumulate in secondary target organs, including the brain, with greater efficiency than larger ones (71) . As the majority of neurons is located within the brain, a contentious topic is whether the brain is protected behind the BBB from particulate translocation. This barrier protects the CNS and restricts the movement of most substances from the bloodstream into the brain. It is formed by capillary endothelial cells joined together by tight junctions and adjacent astrocytic processes. Passage across the BBB thus requires lipid-mediated simple diffusion, receptor-mediated endocytosis, diffusion through an aqueous channel, or active transport. Since the tight junctions have gaps of only 4 -6 nm, paracellular transport is not likely; however, nanoparticles could disrupt tight junctions (32) . Rather, transcellular transport is more likely (67) . Nevertheless, recent studies have shown that intraperitoneal, intravenous, intracarotid, or intracerebroventricular injections of metal nanoparticles lead to brain edema within 24 h of exposure by disrupting membrane integrity and reducing neurotransmitter levels (106, 108) . In a similar study, intraperitoneal administration of metal nanoparticles had minimal effects on BBB function. Li et al. (79) further demonstrate that once/wk for 4 consecutive wk, intratracheally instilled titanium dioxide might pass through the BBB, resulting in oxidative stress brain insult. Nevertheless, it is known that the tight junctions associated with the BBB can be opened only to a limited extent (2); thus only PM with dimensions smaller than ϳ20 nm can exploit this pathway to penetrate into the brain (109), and much research has been devoted to engineered nanoparticles with surfactant coatings designed to enhance passage across the BBB for medicinal purposes. Therefore, not only size but also chemical and electrostatic characteristics play a role in BBB infiltration. For example, in vitro, cationized nanoparticles increase endothelial cell permeability and translocate more readily than neutral or anionic nanoparticles (45, 50) . In vivo data support this finding, as well as demonstrate that high concentrations of anionic nanoparticles can also translocate across the BBB (69, 81). Additionally, particle translocation to the brain may occur at sites where the BBB is absent, such as the circumventricular organs or in cases where the integrity of the BBB is compromised by pathological events, such as inflammation or neurodegenerative diseases (95) . As with other biological membranes, the physicochemical properties of the nanoparticles influence entry and clearance by the vasculature associated with this compartment (70) . However, it is also important to note that the systemic toxicological impact of xenobiotic particles is a multidimensional continuum, dependent not only on the physicochemical properties of the toxicant but also on the route and duration of exposure.
The relative toxicity of xenobiotic particles may also be affected by their surface-coating constituents. Specifically, increasing evidence implicates particle-bound endotoxin, a component of the cell wall of Gram-negative bacteria, and trace metals in ambient PM toxicity (83) . Leaching out or dissolution of adsorbed trace elements, including semiquinones and PAHs from combustion processes, has been associated with an increasing incidence of respiratory complications (111) . The formation of a protein adsorption layer on the surface of nanomaterials introduced in a physiological environment may also influence their bioactivity and toxicity (105) .
Particle targets. With respect to particulate targets of nerve anatomy and physiology, there are numerous sites where particles may influence neuronal activity and have dire consequences on neuronal signaling circuitry, neurotransmitter synthesis, release, and neuronal viability, which may be impacted severely and irreversibly. Within neurons, xenobiotic particles have been shown to interact with cytoskeletal elements and intracellular organelles, ultimately affecting their function, possibly resulting in apoptosis (3, 49, 107, 124) . Evidence exists of DNA damage, including single-and double-strand breaks and DNA-protein crosslinks (72); altered overall DNA content (11); as well as mitochondrial DNA methylation (18) , following exposure to xenobiotic particles. Furthermore, xenobiotic particles may penetrate to the endoplasmic reticulum and trigger the unfolded protein response, a signaling cascade initiated by the intracellular accumulation of misfolded pro-teins, as well as oxidative stress (129) , a response that may also involve the mitochondria (49, 78, 107, 114) (Fig. 3C) .
Within the synapse, xenobiotic particle penetration may influence neuronal transmission by interrupting vesicle trafficking, vesicle tethering, and/or neurotransmitter release (54) . At the synaptic cleft, as well as the postsynaptic neuron, neurotransmitter binding to its cognate receptor may be reduced (40), whereas dendrite membrane potentials may also be affected.
Physical exchanges with quanta (the number of neurotransmitter molecules released in a vesicle), postsynaptic receptors, and ionic channels may lead to a decrease in neurotransmitter bioavailability due to particle-quanta binding or physical barrier of the postsynaptic receptor or ionic channels due to particle interactions at the active site (Fig. 3D) . Other reasonable outcomes include alterations to neural output, such as increases or decreases in firing rate, neuronal recruitment, and receptor sensitization/excitation.
Neurotransmitter inhibition. Although not providing direct evidence of xenobiotic translocation, studies of intraperitoneally injected gold nanoparticles demonstrate the ability of nanoparticle exposure to influence enzymatic activity within the brain and reduce serotonin and dopamine levels (108) . Furthermore, neuronal remodeling, apoptosis, and autophagy have been described after metal nanoparticle translocation from the periphery across the BBB associated with their high-redox potentials (39) . Many in vitro studies have explored selective neural toxicities behind the BBB (14, 82) .
Within the CNS, neural communication, memory formation, and learning are mediated primarily by glutamatergic neurons. The central role played by this subset of neurons in excitotoxicity, their prevalence in the CNS, and their vulnerability to oxidative stress make them a likely target for xenobiotic particle toxicity. Glutamate is the main excitatory neurotransmitter within the brain, with almost 85% of the synapses in the cortex glutamatergic (15) . Mice exposed to repeated nasal administration of titanium dioxide nanoparticles showed an increase in glutamate synthesis and phosphate-glutaminase activity, as well as a significant reduction in glutamine and glutamine synthetase levels. The associated disturbance of the glutamate-glutamine biosynthetic pathway may cause accumulation of glutamate in the extracellular compartments and lead to excitotoxicity (128) . In vitro cultures of hippocampal slices exposed to nanoscale particulate urban air pollutants (Ͻ200 nm) showed an increased neurotoxicity by the glutamatergic agonist N-methyl-D-aspartic acid, whereas the glutamate receptor subunit (glutamate receptors of ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid subunit 1) was decreased significantly (90) . Nasal instillation of titanium dioxide nanoparticles led to a 25-30% loss of neuronal pyramidal cells in the Cornu Ammonis area 1 region (CA1) and in the dentate gyrus associated with morphological and functional changes in the hippocampus (121) . Furthermore, a 35% loss of glutamatergic neurons and impaired neurite growth of murine hippocampal slice cultures were seen following exposure to reaerosolized, ambient nanoparticulate matter (90) . Chen and his colleagues (33) reported that multi-wall carbon nanotubes markedly inhibited hippocampal CA1 and CA3 glutamatergic synaptic transmission in vitro, with a decrease in the mean amplitude of excitatory postsynaptic currents within regions of the hippocampus associated with context-specific memory retrieval.
CARDIOVASCULAR OUTCOMES
Heart rate variability (HRV) is a noninvasive technique used to assess autonomic impact on the cardiovascular system. Historically, it has been shown to be a predictor of mortality associated with several conditions, such as myocardial infarction, congestive heart failure, and postcardiac transplants. The theory that exposure to ambient PM may alter the autonomic influence on the heart has led research toward using HRV and ECG morphology analyses as tools to determine the possible adverse consequences of particle exposure (78, 95) (Fig. 2) . HRV is defined as the degree of difference in the intervals between successive heartbeats and is an accurate indicator of sympathovagal balance (76) . A decrease in HRV is indicative of a decreased vagal tone and a sympathetic dominance. On the other hand, an increase in HRV indicates a dominance of the parasympathetic nervous system on heart rate. Previous studies have linked PM exposure to an increase in nonconducted P-wave arrhythmias (44), QT interval prolongation (80, 127) , and pathological changes in T-wave amplitude (53) . Particle inhalation may lead to a systemic sympathetic dominance (26) and a decreased parasympathetic cardiac vagal tone, thus decreasing HRV measurements and increasing myocardial vulnerability by triggering episodes of cardiac arrhythmia and ectopic beats, aggravating myocardial ischemia, or altering the dynamics of cardiac repolarization (80) . These decreases in HRV may be evident up to 14 h after exposure (27) . Therefore, it is conceivable that the skewing of the associated sympathovagal balance is a likely pathophysiological mechanism through which inhaled PM may affect specific homeostatic components and increase cardiovascular morbidity (47) . Acute human particulate exposures limited to 2 h, at controlled, lower concentrations, reduced reports of coronary arrhythmias (75) .
In the periphery, inhaled particles may also interact with specific receptors known as transient receptor potential (TRP) ankyrin 1 and TRP vanilloid 1, present in the respiratory airways and the parenchymal layer of the lungs, causing an increase in parasympathetic tone and HRV (47, 52) . Activation of the TRP channels has been implicated further as an initiating trigger between the lung and the nodose ganglion, leading to cardiovascular dysfunction (62) . Inhalation of the mucosal irritant acrolein, an unsaturated aldehyde present in cigarette smoke and diesel exhaust, has been correlated with an increase in heart rate, blood pressure, breathing rate, and the HRV parameter low frequency, indicating a sympathetic dominance (100) .
Systemic blood pressure is dependent on cardiac output, as well as total peripheral resistance; the influence of xenobiotic particle exposure on the underlying mechanisms of these products is robust. Whereas studies of neurological dysfunction impairing the resistance vasculature remain limited, our work has indicated that inhalation of titanium dioxide nanoparticles leads to a perturbation of physiologic alpha-adrenergic receptor sensitivity, inducing a persistent, sympathetically mediated arteriolar dysfunction (68) . Because maintenance of systemic blood pressure is largely influenced by peripheral vascular resistance, the need to evaluate the resistance vasculature directly becomes evident. Assessments, including telemetry-based techniques and methodologies, may elegantly compliment a temporal facet associated with the microvascular alterations described within the literature.
FUTURE DIRECTIONS/STUDIES
The deleterious biological effects of PM exposure on the nervous system require further and more thorough investigation. The paucity of information and contradictory findings associated with the neurotoxic effects of exposure is due, in great part, to the heterogeneous interlaboratory experimental conditions and models used. The lack of a generally acceptable model for PM hazard identification mandates an empirical and methodical approach for the risk assessment (46) . Nonetheless, accumulating evidence suggests that unwarranted exposure to PM may negatively impact the CNS and contribute to CNS morbidity (24) .
Interactions among mechanisms. A main focus of this review has been neural interactions and output in response to PM exposure. However, as there is limited direct evidence of particle translocation to the brain or particle deposition within a nerve and given that the temporal association of these interactions has yet to be identified, a combination of hypotheses (inflammation, direct interaction, and neural influence) is most likely. In this case, acute neural inflammation, due to direct particle interactions, may influence sympathetic activity, whereas heightened systemic inflammation (initiated via pulmonary inflammation after exposure) builds, increasing permeability and permitting particle translocation from the pulmonary system. These events would all individually and cumulatively impact the cardiovascular system, with an initial alteration in sympathetic activity, followed by an inflammatory and oxidative storm, culminating in long-term consequences associated with systemic particle deposition.
Furthermore, whereas the theory of neural retrograde transport from the olfactory pathway or pulmonary system is plausible, equally so is the concept of material translocation through the blood or lymph to the brain, leading to neurological outcomes (42) .
Neurotoxicity. The main mechanisms of xenobiotic particle neurotoxicity seem to be associated with oxidative stress and cellular neuroinflammation (15) , in addition to cytotoxicity via dysregulation of intracellular ionic milieu balance and subsequent activation of the inflammasome (92) . Systemically, in addition to being a byproduct of inflammation, reactive oxygen species (ROS) may be produced from mitochondrial dysfunction of the electron transport chain. This may be related to preferential accumulation of PM within the mitochondria (96) and dysregulation of the respiratory chain complexes I and III in rat brain tissue, leading to an increased generation of ROS (38) . These mitochondrial alterations may be long lasting with generational consequences (114) .
Within the CNS, damage by means of oxidative stress occurs primarily due to microglial cells (84) . Microglia are cells derived from peripheral myeloid cells and make up ϳ12% of cells in the brain (14) . In response to xenobiotic agents, microglial cells may enter an overactive state and initiate an NADPH oxidase-dependent oxidative burst that leads to the production and accumulation of superoxide anions and ROS. These highly reactive free radicals diffuse from microglial cells and damage the proteins, lipids, and DNA of nearby cells (14) .
Chronic activation via prolonged exposure to ambient PM has been linked to a neurodegenerative-like phenotype characterized by the accumulation of non-neuritic plaques and formation of neurofibrillary tangles in cortical white matter and subpial regions (19) .
Alternate routes. Whereas the majority of this review focuses on inhalation and pulmonary routes of exposure, given the future product and exposure potential within nanotechnology, we would be remiss not to touch briefly on the alternate routes of nanomaterial exposure.
Further evidence in support of neuronal retrograde transport is that of ocular exposure. The eye is gaining more attention as a possible therapeutic avenue in nanomedicine. The use of nanodrug delivery devices and/or implanting a nanoparticle scaffold are viable treatment options for many ophthalmic conditions (91) . Whereas otherwise segregated from the remainder of the body, due to several physiological barriers, there is a singular unifying optic nerve. Similar to the olfactory nerve transmission of information from the nasal passages to the CNS, this nerve is an avenue for further neuronal transport of xenobiotic particles. Nanoparticles in the range of 20 -200 nm have been shown to be retained following periocular administration for at least 2 mo, whereas smaller nanoparticles were cleared by the blood and/or lymphatic circulations and localized to organs of the reticuloendothelial system, such as the spleen and the liver (5). This persistence of nanoparticles within specific ocular compartments may allow subsequent and/or chronic translocation into the CNS via retrograde axonal transport within the ocular nerve, potentially leading to longterm neurological dysfunction, even at the low concentrations achieved via this route of exposure.
Percutaneous incorporation of nanomaterials requires a more thorough evaluation, since few and contradictory findings are currently available. Based on the physicochemical properties of the nanomaterials, four pathways of entry across the integumentary system have been identified-intercellular, transcellular, and two transappendageal-via hair follicles and sweat glands (89) . Given the physical impedance provided by the epidermal corneal layer, small (Ͻ600 Da) molecules may be able to penetrate the skin passively (9) . Factors affecting the ability of nanomaterials to penetrate the skin include disruption of the skin barrier, skin pathology, chemical agents, and muscle flexion. Subsequent translocation of dermally administered nanoparticles may affect nerve terminal branches within the epidermal layer. Additionally, given the high population of dermal nociceptors, material may not have to translocate but simply irritate these receptors to initiate local and systemic neurological effects (57) . Nonetheless, the dermal concentration of xenobiotic particles necessary to produce such a significant physiological effect is high and may occur only in prolonged exposures.
Neurological disorders. Chronic or repeated exposures of high-dose xenobiotic mixtures, such as those reported in severely polluted urban areas (Mexico City or Beijing), have led to the deterioration of the BBB activation of the transcription factor NF-B, involved in the regulation of immune, inflammatory, apoptotic, and mitogenic processes, and neurological degeneration due to repeated inflammation (19, 20) . Therefore, an area of research under intense scrutiny involves the association between air pollution and neurodegeneration, as these exposures and neurological outcomes could have symptomatic consequences similar to that of dementia or Alzheimer's disease or a contributing factor to neurodevelopmental disorders, such as autism spectrum disorders. The cardiovascular consequences associated with these neurodegenerative conditions may be caused by a systemic inflammatory response, as well as accumulation of the plasma lipoprotein apolipoprotein E and xenobiotic particles in the cerebral circulation (22) .
Fetal/gestational exposures. Considering the complicated and sensitive nature of pregnancy, exposure during this time should also be considered. Few have demonstrated a link between xenobiotic exposure and untoward maternal and fetal health (7, 23, 115) ; within these, studies focusing on the vascular and/or neurological effects are severely lacking (56) . The neurological outcomes associated with gestational exposures are especially interesting, given that the BBB is being developed during fetal maturation. Therefore, consequences of particle translocation from the maternal to fetal compartment, followed by particle deposition within the brain before BBB completion, are of generational interest. Perinatal exposure has been shown not only to induce deleterious morphological changes within the CNS but also to affect intracellular electrolyte balance and neurotransmitter synthesis/degradation (59) . This impingement on vital cellular functions could result in cognitive and behavioral deficits that may manifest themselves in later developmental stages (1) . A strong associative link exists between exposure to high concentrations of ambient PM at an early neurodevelopmental age and long-term cognitive deficits in various memory systems (23) . Primary sensitization to environmental pollutants may also occur prenatally, with in utero sensitization to environmental antigens resulting in the formation of memory T cells for specific antigens, leading to severe inflammatory responses and morbidity rates on secondary exposure in newborns (87) .
Recent epidemiological studies reported decreased placental expression of brain-derived neurotrophic factor and synaptophysin, two important neurodevelopmental genes, with increasing in utero exposure to PM 2.5 (102) . Prospective birth cohort studies correlated with higher levels of black carbon, an indicator of traffic particles, with decreased cognitive function involving verbal and nonverbal intelligence and memory constructs (116) . Similarly, children living in urban Mexico City obtained lower intelligence quotient scores than their control counterparts (21) . These findings indicate that the deleterious neurological effects of xenobiotic particle exposure during gestation may lead to visible/quantifiable symptomatology after birth.
In future work, an additional avenue of consideration may be the similarities between transmembrane transporters of compartment membranes, specifically the BBB and the placenta. These barriers both include the P-glycoprotein (P-gp), a transmembrane transporter associated with the binding and transport of pharmaceuticals and other macromolecules but with tissue-specific structure and functionality (132) . The transportation of xenobiotic particles via P-gp, specifically across the placenta, is yet to be determined.
CONCLUSIONS
The cardiovascular effects associated with the inflammatory and particle-tissue interaction hypotheses have been studied extensively in the last decade. The momentum acquired by research in this field has paved the way for future studies, especially at the microvascular level, a virtually untrodden path wherein much remains unanswered. Furthermore, notwithstanding the increasing interest in xenobiotic particle toxicology, the neural activation hypothesis lags behind and is seldom studied or even mentioned in scientific literature. This apparent lack of interest is most often a result of the inherent difficulty associated with the evaluation of toxicological effects within the nervous system. Physiological barriers, such as the BBB and the intricate interplay among the various cellular elements within the CNS, impede an empirical assessment of neurological toxicity in vivo. For this reason, the overwhelming majority of current research has adopted extemporaneous in vitro models involving isolated cellular elements or components of the CNS. This reductionist toxicological approach, even though effective at determining a causal association between xenobiotic particle exposure and cytotoxicity, fails to provide a true systems-based mechanism that is applicable to human physiology. The paucity of information and contradictory findings associated with current studies is caused by the heterogeneous experimental conditions and models adopted. For this reason, the development of a systems-based toxicological paradigm will undoubtedly assist this field to overcome its current state of inertia and reach its full potential in the near future.
In conclusion, the extent of the neurological repercussions of pulmonary xenobiotic particle exposures and the associated cardiovascular implications have yet to be defined completely. At a time when the demand for interdisciplinary collaborations is tremendous, future toxicological investigations should also include engineered nanomaterials, and the alternate routes of exposure that diverge from the canonical pulmonary route should also be considered. The use of these materials as a surrogate for environmental PM will enable scientists to address the unique problems, future risks, and hurdles associated with xenobiotic particle exposure. Ultimately, if human endeavors are to be fully protected and enhanced, all mechanistic components must be fully explored. To this end, we encourage fellow investigators to give autonomic influences the full attention necessary to advance human endeavors. It is necessary to bear in mind that the inherent heterogeneity of ambient PM and hence, the complex physiological response associated with its exposure may limit the interpretation and translatability of studies using nanomaterials. and T.R.N. edited and revised manuscript; P.A.S., A.B.A., S.L.H., and T.R.N. approved final version of manuscript.
